Human parainfluenza viruses (HPIVs) cause widespread respiratory infections, with no vaccines or effective treatments. We show that the molecular determinants for HPIV3 growth in vitro are fundamentally different from those required in vivo and that these differences impact inhibitor susceptibility. HPIV infects its target cells by coordinated action of the hemagglutininneuraminidase receptor-binding protein (HN) and the fusion envelope glycoprotein (F), which together comprise the molecular fusion machinery; upon receptor engagement by HN, the prefusion F undergoes a structural transition, extending and inserting into the target cell membrane and then refolding into a postfusion structure that fuses the viral and cell membranes. Peptides derived from key regions of F can potently inhibit HPIV infection at the entry stage, by interfering with the structural transition of F. We show that clinically circulating viruses have fusion machinery that is more stable and less readily activated than viruses adapted to growth in culture. Fusion machinery that is advantageous for growth in human airway epithelia and in vivo confers susceptibility to peptide fusion inhibitors in the host lung tissue or animal, but the same fusion inhibitors have no effect on viruses whose fusion glycoproteins are suited for growth in vitro. We propose that for potential clinical efficacy, antivirals should be evaluated using clinical isolates in natural host tissue rather than lab strains of virus in cultured cells. The unique susceptibility of clinical strains in human tissues reflects viral inhibition in vivo.
A cute respiratory infection is the leading cause of mortality in young children under 5 years of age and accounts for nearly 20% of childhood deaths worldwide each year. Paramyxoviruses, particularly respiratory syncytial virus (RSV), human metapneumovirus, and the human parainfluenza viruses (HPIVs), cause the majority of childhood croup, bronchiolitis, and pneumonia (1) . In adults, these viruses cause about two-thirds of respiratory illnesses, with high mortality in immunocompromised persons (2) ; for example, HPIV3 accounts for 90% of the respiratory illnesses in hematopoietic stem cell transplant patients (3) and carries high mortality (3) (4) (5) (6) (7) (8) . There are no effective vaccines or treatments for the HPIVs. Remarkably, while strategies of passive immunoprophylaxis for RSV protect infants at greatest risk (9) , and effective antiviral drugs and vaccines are available for influenza (10, 11) , there are no vaccines or drugs for the HPIVs (1, 12) .
The first step of infection by HPIV, entry of virus into the target cell, is initiated by attachment of the hemagglutinin-neuraminidase receptor-binding protein (HN) to sialic acid-containing receptor molecules on the cell. Attachment starts with engagement of the primary sialic acid binding site (site I), which also possesses neuraminidase, or receptor cleaving, activity. Once the virus is receptor-bound, HN activates the viral fusion protein (F) to a fusion-ready state, permitting its hydrophobic fusion peptide to insert into the target membrane. After F has inserted, it undergoes a regulated sequence of structural transitions during which the heptad repeats (HR) at opposite ends of the molecule meet, eventually culminating in the formation of a six-helix bundle (6HB) and merger of the viral and cellular membranes. At the start of this process, F assumes a transient extended intermediate form. The N-terminal coiled coil is formed, relocating the fusion peptide to interact with the target cell's bilayer, and the C-terminal HR segments (HRC) separate from each other. At this transient stage, the fusion process can be halted using peptides derived from the HRC region that bind to the N-terminal HR segment (HRN) regions of the activated F and prevent formation of the 6HB (13, 14) .
The efficacy of peptide fusion inhibitors for paramyxoviruses is determined in part by the strength of the HRC-derived peptides association with the target HRN sequence (14, 15) . The kinetics of fusion activation by the attachment protein also modulates inhibitory efficacy, by varying the time window for a peptide to interact with the transient intermediate of F (16) . A faster activation process results in less time in the vulnerable transient state. Enhanced fusion activation can be achieved by HN with higher receptor avidity, which permits more receptor-engaged time for activation, or with enhanced F-triggering activity to more efficiently activate fusion. HN provides ongoing activation to F, as fusion proceeds beyond insertion of the fusion peptide into the target (17) ; this continuous activation of F by HN can oppose the effect of peptide inhibitors. However, paradoxically, HNs that possess higher receptor avidity or enhanced activation of F during entry confer resistance to fusion peptide inhibition, and the viruses bearing such HN molecules are remarkably unfit for growth in vivo (18) .
We proposed that specific functions of the viral fusion machinery-receptor avidity, HN activation efficiency, F activation kinetics-differ between laboratory reference strains and clinically relevant viruses and modulate the virus's susceptibility to fusion inhibitors. Previously, we had compared a series of HPIV3 laboratory reference strains that have fusion features affecting growth in human airway epithelial tissue culture (HAE) and in vivo. The comparisons included (i) the HPIV3 laboratory reference strain, (ii) a highly fusogenic strain bearing an HN mutated at the putative secondary sialic acid binding site (site II) (HN Q552), and (iii) a strain (S-18) derived from adaptation of the HPIV3 HN Q552 to growth in human airway, bearing two sequential mutations in F (G396D) and HN (Q559R). The laboratory reference strain and the HN Q552 strain, with an HN that interacts with F to trigger fusion more efficiently, are fusogenic in monolayer cell culture. However, these strains grow poorly or not at all in human airway or in vivo (18) (19) (20) . The HAE-adapted strain (HN Q552-R559/F D396) has reduced receptor binding, interaction with F, and fusion promotion and grows poorly in monolayer cell culture but well in vivo (20) , indicating that the optimal balance of binding and fusion properties is different in vivo and in cultured cell monolayers and that virus in HAE reflects infection in vivo.
We proposed that viruses with less active HN/F fusion machinery will be at a selective advantage in vivo. In contrast, viruses that grow well in monolayer cell cultures have a higher binding avidity than their neuraminidase activity, allowing for more receptor contact, and they have more fusogenic HN/F fusion machineries and thus would be at a disadvantage in vivo (20) .
In the present study, we found that the fusion machinery of an HPIV3 clinical isolate (CI) strain is remarkably similar in its properties to the HAE-adapted strain, in terms of characteristics that contribute to viral entry: receptor avidity, HN=s activation efficiency, and F's activation readiness. Infection and growth in vivo correlate with the HAE-adapted/CI constellation of fusion properties. In fact, the growth of the HPIV3 strains in vivo ranked in the opposite order of their fusogenicity in monolayer culture cells (19) and in the opposite order of the activation readiness of their fusion machineries. None of the strains with proficient fusion activities that grow efficiently in cultured monolayer cells succeed in vivo. We observed that the HPIV3 CI-1 collected directly from a patient grew efficiently in cotton rats, producing 2 to 3 logs more virus than the laboratory reference strain at the peak of infection, similarly to the HAE-adapted strain, which we had previously found to be viable in vivo (19, 20) .
The efficiency of a virus' fusion machinery correlated inversely to sensitivity to fusion peptide inhibition and growth in vivo (16) (17) (18) 20) . We hypothesized that the HPIV3 CI's fusion characteristics would resemble viruses derived from adaptation to growth in HAE, rendering it sensitive to peptide inhibitors. Given that the reference strain is inhibited only by the most potent peptide (14), we asked whether the fusion machinery of HPIV3 CI-1 would, conversely, show sensitivity to less potent inhibitors, in HAE and in vivo. We found that HPIV3 CI-1 was highly sensitive in both infection models. These findings suggest that the balance of fusion/entry properties that correlate with growth in vivo (receptor avidity, activation efficiency) leads to less fusion than observed in laboratory-adapted strains, rendering CI strains sensitive to inhibitors in vivo. The results suggest improved strategies for antiviral screening and development.
MATERIALS AND METHODS
Peptide synthesis. All peptides were produced by standard Fmoc solidphase methods. Conjugation to a bromoacetyl derivative of cholesterol to produce the monomeric cholesterol-tagged inhibitor (see Fig. 4A ) has also been described (14, (21) (22) (23) .
Assay of neuraminidase activity. Monolayers of 293T (human kidney epithelial) cells transiently expressing lab-or human airway epitheliumadapted or CI HNs were washed once with phosphate-buffered saline (PBS) and then incubated for 10 min in 5 mM EDTA in 1ϫ PBS placed in pH 5.0 CO 2 -independent medium (GIBCO). Cells (150,000) were transferred to 96-well plates and incubated at 37°C for 10 min. 2=-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid sodium salt (MUNANA; 20 mM; Toronto Research Chemical) was added 1:1, vol/vol, for a final concentration of 10 mM MUNANA. A kinetic reading at 37°C was done using a Spectromax M5 enzyme-linked immunosorbent assay (ELISA) reader every 2 min for 1 h.
Use of receptor-depleted RBCs to assess HN receptor-binding avidity. Partial receptor depletion of erythrocytes (RBCs) was done as previously described in reference 24. RBCs that were partially depleted of their surface sialic acid receptors were used to determine the relative receptorbinding avidities of variant HN molecules as described previously in references 24 and 25.
␤-Galactosidase complementation-based fusion assay. We adapted (26) an assay that detects early stages of fusion activation, performed as previously described in references 24 and 25.
Cells and viruses. 293T and CV1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Mediatech; Cellgro) supplemented with 10% fetal bovine serum (FBS) and antibiotics in 5% CO 2 . The effect of peptides on HPIV3 plaque number was assessed by a plaque reduction assay performed as described previously in references 14 and 27. Briefly, CV-1 cell monolayers were inoculated with 100 PFU of HPIV3 in the presence of various concentrations of peptides. After 90 min, 2ϫ minimal essential medium containing 10% FBS was mixed with 1% methylcellulose (or Avicel) and added to the dishes. The plates were then incubated at 37°C for 24 h. After the medium overlay was removed, the cells were immunostained for plaque detection. The number of plaques in the control (no peptide) and experimental wells were counted under a dissecting stereoscope. The CI viruses were obtained from deidentified clinical samples isolated in the clinical microbiology laboratory (directed by S.G.J.).
HAE. The EpiAirway AIR-100 system (MatTek Corporation) consists of normal human-derived tracheal/bronchial epithelial cells that have been cultured to form a pseudostratified, highly differentiated mucociliary epithelium closely resembling that of epithelial tissue in vivo. Upon receipt from the manufacturer, HAE were transferred to 6-well plates (containing 0.9 ml medium per well), with the apical surface remaining exposed to air, and incubated at 37°C in 5% CO 2 overnight.
Infection and treatment of HAE and measurement of viral titers from infected HAE. HAE were infected by applying 200 l of EpiAirway medium containing 4,000 PFU of reference or another strain of HPIV3 to the apical surface for 90 min at 37°C. At 90 min, the medium containing the inoculum was removed, and cultures were placed at 37°C and fed each day via the basolateral surface with 0.9 ml medium. Viruses were harvested by adding 200 l medium per well to the HAE apical surface and allowed to equilibrate for 30 min at 37°C. The suspension was then collected, and viral titers were determined as previously described (18) . This viral collection was performed sequentially on the same wells of cells on each day postinfection. Treatments were performed by adding medium containing 10, 1, or 0.1 M of the indicated peptide at the time of infection only. The control wells were infected with no peptide treatment. Harvesting by the apical surface washes was done sequentially on the same HAE, at the indicated time points.
Animals, infection, and virus titration. Inbred cotton rats were obtained from Harlan (Indianapolis, IN). Female animals, 6 to 10 weeks of age, were infected with 10 6 PFU intranasally (i.n.) as previously described in references 18 and 28. Groups of 4 animals were infected with the indicated virus and treated subcutaneously with 4 mg/kg of body weight/day of peptide with 2 doses per day for 3 days beginning 1 h after infection. Viral titers were determined as previously described in reference 18. The animal experiments were approved by the Institutional Animal Care and Use Committee of The Ohio State University.
RESULTS
HN/F machineries: receptor avidity and receptor cleaving activities differ in clinical isolate and laboratory-adapted strains. HN performs four critical functions that are important for viral entry and spread: protection of F, receptor binding, activation of F, and receptor cleavage (1, 24, 29, 30) . Prior to receptor engagement, HN stabilizes F and prevents premature activation of the fusion function; upon receptor engagement, HN activates F to fold into its fusion-ready conformation, thereby facilitating the merger of the viral envelope with the host cell membrane. After viral replication, HN=s neuraminidase activity is essential for release of newly budding viruses from the infected cell. To begin to understand these functional characteristics for the HN of the CI-1 strain, the three HNs-derived from the HPIV3 laboratory reference strain, the strain adapted to growth in HAE, and an HPIV3 clinical isolate (CI-1)-were first compared for their ability to bind and release sialic acid receptors. For measurement of HN receptor-binding avidity, cells transiently expressing each of the HN variants were pretreated with neuraminidase to deplete receptors on the expressing cells' surfaces (24, 25) . Receptor-bearing cells, in this case erythrocytes (RBCs) with different degrees of receptor depletion, were then added and used to quantify binding to the HNs. HN molecules with higher avidity can bind RBCs that have lower receptor density, so the level of RBC receptor depletion that still binds provides a measure for avidity. The reference HN showed the highest avidity for receptor of the 3 HNs, with 50% of binding to RBCs treated with 40 mU of neuraminidase, compared to 50% binding to RBCs treated with 15 mU and 20 mU for HAEadapted HN and CI-1, respectively (Fig. 1A) .
To compare receptor cleavage, each HN=s enzymatic activity was analyzed. HN CI-1 showed almost 6-fold-higher neuraminidase activity than the reference HN and approximately 9-fold more neuraminidase activity than the HAE-adapted HN (Fig. 1B) . Thus, the HN of CI-1 has a high neuraminidase/avidity ratio (0.41) compared to that of the reference strain (0.05), indicating that CI-1 HN is less likely to engage receptor.
HN/F machineries: fusion promotion differs between clinical isolate and laboratory-adapted strains. The HPIV3 HAEadapted strain and the CI-1 strain attain viral titers of up to 10 7 and 10 8 PFU/ml, respectively, in HAE, and greater than 10 5 PFU/g of lung tissue in cotton rats compared to those of the HPIV3 laboratory reference strain, which we previously found to peak at 10 5 PFU/ml in HAE and 10 4 PFU/g of lung tissue in cotton rats (20) . Viruses collected from HAE infected with the HAE-adapted HPIV3 produced small plaques (average diameter of 0.1 mm) relative to those of the reference strain (average diameter of 0.6 mm) (19) , and the CI-1 virus produced plaques similar in size to those of the HAE-adapted strain (data not shown). CI-1 HN/F, like the HAE-adapted strain HN/F, fuses cultured cells little or not at all. The fusion promotion capacity of individual HN/F pairs was measured using a beta-galactosidase complementation fusion assay (24, 25) . The HN from each virus was tested in a pair with its own F as well as paired with each of the other Fs; the 9 possible combinations are shown in the bars in Fig. 2 . In each set of three bars, the solid black bar shows the HN specified on the x axis paired with the reference F, the gray bar shows the HN specified on the x axis paired with the HAE-adapted F, and the white bar shows the HN specified on the x axis paired with CI-1 F. Fusion mediated by the HAE-adapted strain HN/F (1491 RLU) and CI-1 HN/F (313 RLU) is minimal compared to that of the reference strain HN/F (29286 RLU), indicating that the HAE-adapted strain and CI-1 viruses that grow well in vivo carry a less efficient fusion machinery. As shown for the HAE-adapted strain (19, 20) , both HN and F of the CI-1 strain contribute to the reduced fusion properties of the CI-1 HN/F pair, as is revealed by examining each of the pairings. CI-1 F permits less fusion than the reference F, even when paired with the reference HN. CI-1 HN promotes far less fusion than the reference HN, even when paired with the reference F.
F activation is reduced in the clinical isolate strain compared to that in laboratory strains, and CI-1 F is not triggered by heat. To study F activation for the CI-1 and laboratory-adapted strains in the absence of HN, influenza hemagglutinin (HA) protein (uncleaved) was used as a nonspecific binding protein to tether F-expressing cells to target cells (17, 31) , and heat was used to activate F. The HA is not cleaved when produced in these cells and is not exposed to low pH, both requirements for the HA to express its own membrane fusing activities. We have shown previously that in the presence of uncleaved HA, heat can be used to activate F of the reference strain; at temperatures above 37°C, the reference strain F mediates fusion with RBC membranes (17) . To assess F activation by CI-1 F (Fig. 3) , we determined whether in the presence of uncleaved HA the reference F, F from the HAE-adapted strain, and F from CI-1 are activated by incubation for 10, 30, or 60 min at a temperature of 45°C (Fig. 3A, B, C) . These conditions, as expected, provided sufficient energy to trigger the Fs of both the reference strain and the HAE-adapted strain (19) but failed to
FIG 2
The HN/F pairs of the lung fit variants are less efficient at promoting cell-cell fusion than the proteins of the laboratory reference virus, and the difference is mediated by both HN and F partners in the pair. 293T cells coexpressing the indicated HN and F pair were allowed to fuse with receptorbearing cells at 37°C for 3 h. Cell fusion was measured as RLU (y axis; log scale) in the presence of each HN (as indicated on the x axis) coexpressed with reference strain F (dark bars), HAE-adapted strain F (gray bars), or CI-1 F (white bars). The bars represent means Ϯ standard errors of results from three different wells in triplicate experiments. ****, P Ͻ 0.0001; ***, P Ͻ 0.001; **, P Ͻ 0.01. activate CI-1 F to its fusion competent state (black bars). In the control experiment shown in Fig. 3B , to address whether CI-1 F is capable of experimental activation, we coexpressed an HN molecule containing a mutation in the globular head (D216R), previously shown to eliminate neuraminidase activity while retaining binding and F activation properties and thereby conferring constitutive receptor engagement (25) . In the presence of this HN, under the same conditions at 10, 30, or 60 min (Fig. 3D, E, F) , while delayed at the early time points, over time CI-1 F was activated, confirming that despite being less prone to activation in the absence of a receptor-binding protein, it is capable of activation when paired with a constitutively engaged HN.
Clinical isolate viruses are inhibited by fusion inhibitory peptides in human airway epithelium cultures, a model of the natural host. We have described a 36-amino-acid fusion-inhibitory peptide corresponding to the HRC domain of HPIV3 F, linked at its C terminus to a cholesterol moiety by a 4-unit polyethylene glycol (PEG 4) (peptide VG PEG4-chol ) (14) (Fig. 4A) . This peptide inhibited infection by the HPIV3 reference strain in monolayer cell culture (14) . We have also found that HN/F pairs that have enhanced kinetics of fusion activation render a virus less susceptible to peptide inhibition. Faster fusion activation decreases the time window for peptide activity (16) , and HN=s ongoing activation of F after fusion peptide insertion also opposes the effect of peptide inhibitors (17) . We compared this peptide's inhibitory activity against the HPIV3 reference strain, the HAEadapted strain, and CI-1, hypothesizing that the less efficient fusion machinery of the HAE-adapted strain and CI strains might render them more sensitive to inhibition by VG PEG4-chol .
Cultured cell monolayers were infected with the HPIV3 reference strain (circles), the HAE-adapted strain (squares), or CI-1 (open diamonds) in the presence of increasing concentrations of peptide (Fig. 4B) . After a 90-min adsorption period, cells were overlaid with Avicel (cellulose overlay material; FMC BioPolymer), and viral plaques were counted at 24 h. A single dose of inhibitor at 0.01 M (10 nM) decreased the viral titer of HPIV3 CI-1 by approximately 50%, the HAE-adapted strain by approximately 40%, and the HPIV3 reference strain by only 20%. While all three strains were inhibited under these conditions, the CI and the HAE-adapted strain were more sensitive to the inhibitors than was the reference HPIV3 strain; the 50% inhibitory concentrations (IC 50 s) were 0.008 M for CI-1, 0.01 M for the HAE-adapted strain, and 0.03 M for the reference strain HPIV3. Despite these relatively minor differences in sensitivity, all three strains are inhibited by the peptides in CV-1 cells.
We previously found that the VG PEG4-chol peptide did not curtail the replication of the HPIV3 reference strain virus in HAE (14) or in cotton rats (data not shown). We now assessed the VG PEG4-chol peptide's inhibitory activity against CI-1 in HAE, hypothesizing that the less efficient fusion machinery of the CI strain might render it sensitive to inhibition by VG PEG4-chol .
The pseudostratified epithelium was infected at the apical surface with 4,000 PFU of CI-1 in the presence of 10, 1, or 0.1 M of VG PEG4-chol peptide (Fig. 5A) . After a 90-min adsorption period, the liquid from the apical surface, containing virus and peptide, was aspirated, and the titer of virus emerging from the apical surface was measured at 1 day postinfection (Fig. 5A) . A single dose of 1 M of inhibitor decreased the viral titer of HPIV3 CI-1 by approximately 5-fold, and a single dose of 10 M of inhibitor decreased the viral titer of CI-1 by more than 2 logs in HAE. However, note that a dose of 0.1 M of inhibitor failed to inhibit viral growth in HAE cells, while the same dose inhibited viral entry by 90% in cultured monolayer cells (Fig. 4) ; HAE provides a more stringent condition for the inhibitors.
Clinical isolate viruses are inhibited by cholesterol-conjugated fusion inhibitory peptides in vivo. We evaluated the therapeutic efficacy of VG PEG4-chol in vivo. The peptides were administered to cotton rats subcutaneously (s.q.), at a dose of 4 mg/kg, twice a day for 3 days beginning 1 h after inoculation with HPIV3 CI-1. After 3 days, the animals were sacrificed and viral titers in the lungs were determined. Treatment of animals infected with HPIV3 CI-1 resulted in a 90% inhibition of viral growth in vivo (Fig. 5B) . The inhibitory peptide is a potent in vivo inhibitor of clinically relevant strains of HPIV3.
Since patients rarely present at early times after infection, it is of interest to determine whether peptide inhibitors can be effective when administered later into the course. To this end, we treated cotton rats 48 h after infection with the CI and obtained a reduction of almost 1 log in viral titer (data not shown).
DISCUSSION
Fusion of enveloped viruses with receptor-bearing host cells is a critical step in viral infectivity and spread. Human parainfluenza viruses possess a paired receptor-binding protein (HN) and fusion protein (F) that in concert mediate fusion between the viral and host cell membranes. Inhibitory peptides interact with specific intermediate stages of F during fusion activation and inhibit only once F has begun its structural rearrangement and has extended, before refolding into the ultimate 6HB (16, 17, (32) (33) (34) . The period of availability of this extended state-the peptide's window of time for inhibition-depends on factors such as the fusion promotion phenotype of the HN partner as well as properties intrinsic to F.
HPIV3 strains with a less active fusion machinery, with briefer receptor engagement due either to lower receptor avidity or higher neuraminidase activity, are more successful in the natural host than viruses with more avid or longer receptor engagement. As shown in Fig. 1 , the clinical isolate and HAE-adapted strains have lower receptor avidity than the laboratory reference strain, suggesting that lower receptor avidity is advantageous in an environment likely to more closely resemble the lung. The HN of CI-1 also showed 600% higher receptor cleavage activity than the reference HN and thus a high neuraminidase/avidity ratio compared to that of the reference strain. This balance between receptor binding and cleavage found in the clinical strain favors short-term receptor engagement, versus the longer-term engagement favored by reference HPIV3 virus strains grown in monolayer cell culture. The higher barrier to activation that is therefore required for fusion in these strains may serve to protect F from premature activation, delaying the triggering of F until the conditions are right for fusion in the lung. CI-1 F is less readily activated by temperature than either the reference strain F or the HAE-adapted strain F, as shown in Fig. 3 . Highly active fusion mediated by HN/F is not an advantage, but actually a detriment, in the natural host (19) . Analysis of a series of additional clinical isolates is under way, from a collection of over 100 isolates. We have obtained the complete genome sequence and fusion experimental data for two isolates in addition to the one discussed here. The second isolate was identical in sequence to the first despite being from a different patient (and also shared fusion features); the third isolate diverged in sequence but demonstrated shared fusion features, supporting the generality of the hypothesis (data not shown).
We contend that viral fitness, defined as the ability to produce infective particles in vivo, correlates directly with peptide sensitivity and that the features of the HN/F machinery that regulate fusion simultaneously drive infectivity in vivo and sensitivity to peptide inhibition. The HN/F pairs from clinical strains, with a less active fusion machinery, are infectious in the natural host tissue and are sensitive to peptide inhibitors, suggesting that mutations in the HN/F fusion machinery that confer peptide resistance are disadvantageous to the virus. The HN/F pairs that confer resistance to peptide inhibitors in monolayer cell culture are growthhandicapped in HAE and in the cotton rat. The HPIV3 CI-1 is more sensitive than any of our lab-adapted or variant strains to peptide inhibition in HAE. We propose an approach to testing early candidate inhibitory molecules in which antivirals are tested against the circulating viral fusion machinery-clinical isolates or similar strains-in the natural host tissues as the prelude to in vivo studies. Antivirals would first be optimized using the HPIV3 laboratory reference strain in HAE, providing the most stringent conditions for inhibitors. While artificial, this condition (rapid fusion promotion and short window of opportunity for HRN binding) sets the highest bar. With the stringent requirement for efficacy, modifications to address the active fusion promotion can be tested. The most potent inhibitors would then be moved to CI assays. Using inhibitor-insensitive HPIV3 HN/F pairs (e.g., reference strain glycoprotein pairs) as a primary testing platform will aid in the design of better peptides against the clinical HPIV3 strains, which carry less efficient fusion machineries.
The results here provide an example of the pressure for infectious viruses to suit their hosts: circulating HPIV3 viruses bear HN/F fusion machineries that are well suited to their environment. CI HN and F carry several amino acid variations compared to reference strains; these likely combine to confer the observed fusion properties, and the genotype/phenotype correlation is under active investigation. However, there are no mutations in the HRN or HRC regions that might contribute to differential sensitivity to inhibitory peptides (data not shown). To interfere with viral infection, we confront the mechanisms that affect virus-cell interplay in the context of a particular host. Therefore, to dysregulate the HN/F fusion machinery, we need to move beyond cultured monolayer cells and lab strains of virus and test clinically circulating viruses in natural tissues.
Clinically useful peptide inhibitors include enfuvirtide (Fuzeon) for HIV-1 infection (35) (36) (37) (38) . While enfuvirtide provides a proof of concept for the use of fusion-inhibitory peptides, it has remained a drug of last resort, largely because it is a parenteral drug and oral HIV drugs are available; since HIV disease requires long-term treatment, parenteral administration is therefore less attractive. In the case of HPIV3, the disease is acute, and therefore even parenteral therapy will be of short duration. We are developing a formulation suitable for inhalation, to deliver the antiviral agent directly to the target host tissue. We contend that a combination of an agent like Fludase, a sialidase fusion protein which interferes with receptor binding and is currently in clinical trials for adults with HPIV (28) , and fusion inhibitor peptides may be a feasible combination treatment for respiratory viruses and would reduce the likelihood of eliciting resistance.
RNA viruses rapidly evolve resistance to drugs that attack a single target. By substantially increasing the potency of peptide inhibitors through various methods of optimization, including lipid conjugation, we expect to create a barrier to resistance (23, 39, 40) . We postulate that viruses that develop peptide resistance by the mechanisms identified here will simultaneously lose fitness for growth in the lung and that both properties (resistance and fitness in the natural host) are modulated by the HN/F fusion machinery. The promise of the antiviral approach we propose lies in the fact that the peptide inhibitors play against the virus' delicate balance between resistance and fitness.
Drug candidates that are considered to be promising after initial studies often fail in clinical trials, suggesting that the early development strategies failed to identify which drugs are most likely to work in humans. Early phase, even in vitro, models that set antiviral compounds on the track to clinical relevance are sorely needed. We propose first screening for molecules that pass a high bar for efficacy against fusogenic strains and then testing those molecules against HPIV3 clinical isolates in natural host tissues. This shift in strategy led us to an effective antiviral strategy for HPIV3, a strategy that may be adaptable to other pathogens.
